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INTRODUCTION 
The work described herein was performed at the School of Aerospace 
Engineering, Georgia Institute of Technology during the period 12 February 
1986 - September 1988. Professors Erian A. Armanios and Lawrence W. Rehfield 
were the Principal Investigators. 
This research concerns the analysis and prediction of delamination damage 
that occur in composite structure on the on the sublaminate scale --that is 
the scale of individual plies or groups of plies. The objective have been to 
develop analytical models for mixed-mode delamination in composites. These 
i ncl udes : 
(1) the influence o f  residual thermal and moisture strains 
(2) 
(3) delamination in tapered composite under tensile loading. 
local or transverse crack tip delamination originating at the tip o f  
transverse matrix cracks 
Computer codes based on the analytical models in (1) and (2) have been 
developed and comparisons of predictions with available experimental and 
analytical results in the literature have been performed. A simple analysis 
for item ( 3 )  has been developed and comparisons of predictions with finite 
element simulation is underway. 
, 
The usual approach to dealing with localized phenomena is large scale 
numerical simulation and analysis, mostly by general purpose finite element 
codes. This approach is often supplemented by a "build and test" demonstra- 
tion, or series of demonstrations if repeated failures are encountered. While 
such approaches are often costly and inefficient, their major drawback is that 
fundamental principles are not discovered which provide the means to produce 
I better results. Furthermore, the steps must be repeated all over again the 
next time a similar situation arises. 
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Overview o f  t h e  Research 
The research program can be separated i n t o  t h r e e  elements: The i n f l u e n c e  
o f  r e s i d u a l  thermal and mois tu re  s t resses  on t h e  mixed-mode edge de laminat ion  
of composites. The analyses o f  t ransverse c r a c k - t i p  de laminat ion  and 
de laminat ion  a n a l y s i s  i n  tapered laminates under t e n s i l e  load ing .  A d e t a i l e d  
account o f  t h e  a n a l y s i s  and a p p l i c a t i o n s  o f  each element i s  p rov ided i n  
Appendices I through 111. A b r i e f  d e s c r i p t i o n  and summary o f  t h e  major  f i n d -  
i n g s  o f  each research element i s  presented i n  t h e  f o l l o w i n g  sec t i ons .  
I n f l u e n c e  o f  Hygrothermal Stresses 
The sublaminate edge delaminat ion ana lys i s  and code which had i t s  o r i g i n  
i n  t h e  research conducted under the  e a r l i e r  g r a n t  NAG-1-558 has been m o d i f i e d  
t o  i n c l u d e  t h e  e f f e c t s  o f  hygrothermal stresses. 
The model i s  app l i ed  t o  mixed mode edge delaminat ion specimens made o f  
T300/5208 graphi te /epoxy ma te r ia l .  Residual thermal and mo is tu re  s t resses  
s i g n i f i c a n t l y  i n f l uenced  t h e  s t r a i n  energy re lease r a t e  and i n t e r l a m i n a r  
s t resses .  Both experienced l a r g e  increases when thermal c o n d i t i o n s  were added 
t o  t h e  mechanical s t r a i n s .  These e f f e c t s  were a1 l e v i a t e d  when mo is tu re  
s t resses  were inc luded.  Thermal e f f e c t s  on the  i n t e r l  ami nar shear s t r e s s  and 
t o t a l  energy re lease r a t e  were t o t a l l y  a l l e v i a t e d  f o r  t he  same s p e c i f i c  
mo is tu re  conten t .  Moreover, t h i s  va lue of  m o i s t u r e  c o n t e n t  was n o t  s i g n i f i -  
c a n t l y  a f f e c t e d  by t h e  s tack ing  sequence f o r  t h e  laminates considered. Th is  
work i s  presented i n  accomplishments 3.4 and 12. A complete d e r i v a t i o n  of t h e  
a n a l y t i c a l  model, Fo r t ran  program l i s t i n g  and a p p l i c a t i o n s  a re  prov ided i n  a 
accomplishment 3 and Appendix I .  
Transverse Crack T ip  Analysis  
Transverse crack t i p  delaminat ions o r i g i n a t e  a t  t he  t i p  o f  t ransverse  
m a t r i x  cracks.  Th is  s i t u a t i o n  appears i n  F igure 1 where a symmetric laminate  
made o f  90" p l i e s  i n  the  core reg ion  and angle p l i e s  i n  t h e  top  and bottom 
p o r t i o n s  i s  sub jec ted  t o  a t e n s i l e  load ing .  Under t e n s i l e  l oad ing  t ransverse  
m a t r i x  cracks i n i t i a t e  i n  the core reg ion  reaching a s a t u r a t i o n  l e v e l  a t  a 
crack spacing denoted by A i n  the f i g u r e .  Delaminat ion o f t e n  i n i t i a t e  a t  t he  
t i p  o f  these t ransve rse  cracks. This  s i t u a t i o n  i s  dep ic ted  i n  the  gener i c  
model shown i n  F igu re  1 o f  a symmetric de laminat ion growing f r o m  a t ransve rse  
crack t i p .  
Three anal y t i  ca l  model s, sub1 aminate shear, membrane and shear 1 ag have 
been developed i n  order  t o  est imate t h e  sa tu ra ted  crack spacing d i s tance .  The 
s a t u r a t i o n  crack spacing corresponds t o  the  d i s tance  f r o m  the  crack where the 
broken p l i e s  r e g a i n  t h e i r  un i form s t r e s d s t r a i n  s t a t e  i . e .  where the  
i n t e r l a m i n a r  shear s t r e s s  has decayed down t o  i t s  f a r  f i e l d  (un i fo rm)  va lue.  
Based on t h e  c losed form expression f o r  t he  i n t e r l a m i n a r  shear s t r e s s  the  
crack spacing p r e d i c t e d  by each model i s  presented i n  Table I. The experimen- 
t a l  r e s u l t  i n  t h e  t a b l e  i s  based on R e i f s n i d e r ' s  work f o r  a [0 /90 Is  laminate.  
A complete d e r i v a t i o n  o f  these models i s  prov ided i n  Appendix 11. 
The a n a l y s i s  of t ransverse crack t . ip  de laminat ion i s  presented i n  Appen- 
d i x  I 1  and a p p l i e d  t o  [k 25/90n]s laminates i n  t h e  range n=0.5 t o  8 made o f  
T300/934 graphi te/epoxy m a t e r i a l .  C1 osed f o r m  expressions f o r  t he  
i n t e r l a m i n a r  s t resses,  t o t a l  s t r a i n  energy re lease r a t e  and energy re lease  
r a t e  components a re  obtained. A computer code based on t h i s  a n a l y s i s  i s  
developed and implemented i n t o  an e a r l i e r  mixed-mode edge delaminat ion code 
developed under the  prev ious NASA g ran t  NAG-1-558 and presented i n  accomplish- 
ment  6 and 7. This  code was used t o  e s t i m a t e  t h e  c r i t i c a l  s t r a i n  l e v e l s  and 
the  associated delaminat ion damage mode w i t h  i nc reas ing  number o f  90" p l i e s  i n  
t h e  [k 25/9OnIs. Since mid-plane edge delaminat ion i s  a p o s s i b l e  damage mode 
i n  t h i s  t y p e  o f  laminates a mid-plane delaminat ion a n a l y s i s  was developed and 
presented i n  accomplishment 10. A computer code based on t h i s  a n a l y s i s  i s  
developed and implemented i n  the mixed-mode edge delaminat ion code. The 
c r i t i c a l  s t r a i n  and associated delaminat ion damage modes p r e d i c t e d  appear i n  
F igu re  2 and Table 11. The c r i t i c a l  s t resses and associated delaminat ion 
damage mode a re  prov ided i n  Table 111. 
Experimental r e s u l t s  show t h a t  t h e  l o c a l  ( c rack  t i p )  de laminat ion phenom- 
enon i s  t h e  predominant damage mode o n l y  f o r  n=4, 6 and 8 specimens. F o r  n<4 
edge delaminat ion e i t h e r  i n  t h e  mid-plane o r  i n  t h e  25/90 i n t e r f a c e  were 
observed i n  t e s t s .  The present  a n a l y s i s  p r e d i c t s  mid-plane edge delaminat ion 
fo r  n=1/2 and 1 and mixed mode edge delaminat ion f o r  n=2 and 3, r e s p e c t i v e l y .  
For n=4, 6 and 8 l o c a l  de laminat ions are p r e d i c t e d  t o  be t h e  c o n t r o l l i n g  
damage mode w i t h  approximately 25 percent  Mode I1 f o r  t h e  t h r e e  specimens. 
The c r i t i c a l  s t r a i n s  i n  F igure 2 and Table I 1  a r e  computed based on a f r a c t u r e  
toughness va lues o f  415 J/m , 140 J/m and 120 J/m f o r  l o c a l  de laminat ion,  
mixed mode edge delaminat ion and mid-plane edge delaminat ion,  r e s p e c t i v e l y .  A 
complete account o f  t h i s  work appears i n  Appendix 11. 
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Analysis o f  Tapered Composites 
A gener ic  c o n f i g u r a t i o n  o f  a tapered laminated composite i s  shown i n  
F igu re  3 where a 38 p l y  t h i c k  laminate i s  reduced t o  26 p l y  by dropping t h r e e  
i n n e r  s e t s  o f  p l i e s .  The bas i c  a n a l y s i s  approach t h a t  i s  adopted u t i l i z e s  t w o  
l e v e l s  o f  modeling, a g loba l  sca le and a l o c a l  sca le.  The g loba l  sca le i s  
concerned w i t h  o v e r a l l  genera l ized fo rces  and s t r a i n s  such as a x i a l  force and 
extension. A simple c o n s i s t e n t  deformat ion assumption i s  the foundat ion o f  
t h i s  model. Global e q u i l i b r i u m  equat ions are w r i t t e n  and solved. 
The genera l i zed  s t r a i n s  determined from the  g loba l  a n a l y s i s  serve t o  
p rov ide  est imates f o r  t he  key pr imary s t resses i n  t h e  b e l t  o f  t he  tapered 
sec t i on .  Local est imates of  i n t e r l a m i n a r  s t resses are determined on the  b a s i s  
o f  e q u i l i b r i u m  c o n d i t i o n .  
The t o t a l  s t r a i n  energy re lease  r a t e  i s  computed f r o m  t h e  work done by 
the  e x t e r n a l  appl i e d  loads. The work done by the  ex te rna l  f o r c e s  i s  based on 
t he  a x i a l  s t i f f n e s s  o f  t he  d i f f e r e n t  elements i n  the  tapered c o n f i g u r a t i o n s .  
These elements a re  represented by t h e  s i x  sublaminates shown i n  F igu re  4 where 
AB denote t h e  e f f e c t i v e  a x i a l  s t i f f n e s s  o f  t he  uncracked b e l t  p o r t i o n ,  AB1 t h e  
e f f e c t i v e  a x i a l  s t i f f n e s s  o f  the cracked b e l t  p o r t i o n .  The uncracked b e l t  
p o r t i o n  i n  the  tapered reg ion  makes an angle p w i t h  the  l o a d i n g  a x i s . w h i l e  t h e  
cracked p o r t i o n  makes an ang le  a due t o  de laminat ions  along t h e  taper  and t h e  
un i fo rm reg ions .  These a re  denoted by a and b i n  F igure  4. The e f f e c t i v e  
a x i a l  s t i f f n e s s  o f  t he  uncracked and cracked dropped p l i e s  are denoted by AU 
and Ac r e s p e c t i v e l y .  The a x i a l  s t i f f n e s s  o f  t h e  s t r a i g h t  p o r t i o n  i s  denoted 
by AS f o r  t h e  b e l t  and Af f o r  t h e  core  p l i e s .  
The e x t e n t  o f  de laminat ion  a long t h e  tapered and t h e  un i fo rm p o r t i o n  o f  
t h e  laminate  has a s i g n i f i c a n t  i n f l u e n c e  on the  a x i a l  s t i f f n e s s e s  Au,  Ac and 
AB1- T h i s  i s  due t o  t h e  d i s c r e t e  number o f  p l y  drops i n  the  core r e g i o n  as 
i l l u s t r a t e d  i n  F igu re  5 and t h e  pop-o f f  o f  t h e  delaminated b e l t  reg ion .  
A three-dimensional t rans fo rma t ion  i s  r e q u i r e d  i n  o rder  t o  es t imate  t h e  
e f f e c t i v e  a x i a l  s t i f f n e s s  o f  t h e  b e l t  reg ions  AB and AB1. Th is  i s  due t o  t h e  
b e l t  layup and t h e  o r i e n t a t i o n  o f  t h e  d i f f e r e n t  b e l t  p o r t i o n s  t o  the  l o a d i n g  
a x i s  as shown i n  F igure  6. 
The i n t e r l a m i n a r  s t resses  between the  b e l t  and the  core p l i e s  a re  p re-  
d i c t e d  by cons ide r ing  t h e  e q u i l i b r i u m  o f  t he  b e l t  reg ion.  The e q u i l i b r i u m  
equat ions a r e  de r i ved  us ing  a complementary p o t e n t i a l  energy fo rmula t ion  o f  
t h e  b e l t  on an e l a s t i c  foundat ion.  The e l a s t i c  foundat ion  i s  made o f  two 
c o n t r i b u t i o n s .  The f i r s t ,  i s  a cont inuous shear r e s t r a i n t  p rov ided by t h e  
r e s i n  pocket reg ions  a t  t he  i n t e r f a c e  between t h e  b e l t  and t h e  i n n e r  core 
p l i e s .  The second, i s  a d i s c r e t e  number o f  concentrated t ransverse  normal 
(Ri)  and shear (Ti) f o r c e s  a t  t h e  p l y  drop l o c a t i o n s  as shown in f i g u r e  7 f o r  
i=1-4. The d i s t r i b u t e d  shear s t i f f n e s s  i s  denoted by G i n  F igure  8 w h i l e  t h e  
t ransverse  normal and shear s t i f f n e s s e s  a t  t he  p l y  drop l o c a t i o n s  are denoted 
by ki and gi ( i =1 -4 ) ,  r e s p e c t i v e l y .  
The v a r i a t i o n  of t h e  t o t a l  s t r a i n  energy re lease  r a t e  G w i t h  de laminat ion  
a growing a long t h e  tapered reg ion  appears i n  F igure  9. The e f f e c t  of 
de laminat ion  b along t h e  un i fo rm p o r t i o n  on a i s  a l s o  shown i n  the  f i g u r e .  
The d i s c r e t e  jumps a t  a/h equal 20 and 40 correspond t o  t h e  p l y  drop. A p l o t  
o f  t h e  concentrated t ransverse  normal and shear fo rces  and the  i n t e r f a c e  
between t h e  b e l t  and the  i nne r  core appears i n  F igu re  10. 
A d e t a i l e d  d e s c r i p t i o n  o f  t h e  a n a l y s i s ,  c l o s e d  fo rm e x p r e s s i o n s  f o r  t h e  
t o t a l  energy r e l e a s e  r a t e  and i n t e r l a m i n a r  s t r e s s e s  i s  p r o v i d e d  i n  Appendix 
111. A d d i t i o n a l  r e f i n e m e n t s  a r e  p lanned w i t h i n  t h i s  genera l  f ramework such as 
a c c o u n t i n g  f o r  shear  s t r a i n s  i n  t h e  b e l t  and i n c r e a s i n g  t h e  number o f  
sub lamina te  e lements  i n  t h e  a n a l y s i s .  
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Table  I Comparison o f  Transverse Crack Spacing 
F u 
Shear 2 Sublaminates 1.651 
1.105 
Membrane 1.004 
4 sublaJliinates, a -+ 0 
t f 
Model Saturated Crack Spacing 
(In4 
11 Shear Lag I 1.1GO II 
11 Experimental I 1.131 ll 
Tab1 e I I C r i  ti cal Strains and Associated Del ami nati on Damage Modes 
Experimental 
Critical Strains (%) 
Edge Delamination 
~~ 
Number of 
90" plies 
112 
1 
2 
3 
4 
6 
8 
0.6058 
0.5936 
0.5934 
0.5934 
0.5369 
0.3914 
0.3589 
1.6747 
1.1685 
0.8058 
0.6427 
0.5444 
0.4264 
0.3555 
0.6819 
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0.5964 
0.5862 
0.5810 
0.5757 
0.5731 
0.6058 
0.5677 
0.6402 
0.7582 
0.8815 
1.1133 
1.3199 
Table  I 1 1  C r i t i c a l  Stresses and Associated Delamination Damage Modes 
Mixed Mode 
Critical Stresses (MPa) 
Mid-Plane 90" plies Delamination 
1313.9 
409 
324 
2 70 
784.0 
426.2 
285.1 
210.6 
134.7 
04.4 97.1 
535.0 
420.1 
315.4 
260.1 
224.7 
181.8 
156.6 
475.3 
350.9 
338.6 
336.4 
341 .O 
351.6 
360.5 
P 
Fig. 1 Generic Crack-tip Delamination 
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Figure 9. Variation of Total Strain Energy Release 
Rate with Delamination 
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Figure 10 a. Distribution of Concentrated Normal 
Forces Along the Belt 
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Figure 10 b. Distribution of Concentrated Shear 
Forces Along the Belt 
